Chronic stress is a risk factor for a number of physiological disorders including cardiovascular disease, obesity and gastrointestinal disorders, as well as psychiatric and neurodegenerative disorders. There are a number of underlying molecular and cellular mechanisms altered in the course of chronic stress, which may increase the vulnerability of individuals to develop psychiatric disorders such as depression, and neurodegenerative disorders such as Alzheimer's Disease (AD). This is evident in the influence of stress on large-scale brain networks, including the resting state Default Mode Network (DMN), the effects of stress on neuronal circuitry and architecture, and the cellular and molecular adaptations to stress, which may render individuals with stress related psychiatric disorders more vulnerable to neurodegenerative disease later in life. These alterations include decreased negative feedback inhibition of the hypothalamic pituitary axis (HPA) axis, decreased dendritic arborization and spine density in the prefrontal cortex (PFC) and hippocampus, and the release of proinflammatory cytokines, which may suppress neurogenesis and promote neuronal cell death. Each of these factors are thought to play a role in stress-related psychiatric disease as well as AD, and have been observed in clinical and postmortem studies of individuals with depression and AD. The goal of the current review is to summarize clinical and preclinical evidence supporting a role for chronic stress as a putative link between neuropsychiatric and neurodegenerative disease. Moreover, we provide a rationale for the importance of taking a medical history of stress-related psychiatric diseases into consideration during clinical trial design, as they may play an important role in the etiology of AD in stratified patient populations.
Introduction
In 1907, Alois Alzheimer published his observations of a 51-year-old woman in an insane asylum of Frankford am Main, Germany. The first clinical symptoms reported were disorientation, paranoia, hallucinations, delirium and mood changes that were accompanied by memory loss. While her state of awareness gradually eroded over time, Alzheimer noted that these complex symptoms were at times stronger or weaker in appearance. Upon post mortem analysis, Alzheimer noted an evenly atrophic brain without macroscopic focal degeneration, but with neurofibrils and unusual morphology of glial cells. He concluded that this was a distinctive illness, one that should not be classified among the psychiatric illnesses that had previously been described, and that histological analyses of individual cases may facilitate clinical distinction of specific illnesses from general categories of disease (Alzheimer, 1907 , Alzheimer et al., 1995 .
Over one-hundred years later, scientists are still mystified by Alzheimer's Disease (AD). While much progress has been made, there are still no disease modifying therapeutics for AD patients, affecting over 5 million Americans (Alzheimer's, 2015) . Traditionally, AD is characterized by histological analysis of post mortem brain tissue revealing aggregates of synaptic proteins including amyloid beta (Aβ) peptides that are forty (Aβ 40 ) or forty-two (Aβ 42 ) amino acids in length, and abnormally phosphorylated tau (tau-p) proteins in a spatially distinct pattern outlined by Thal et al. (2002) and Braak staging (2006) , respectively. In their pathogenic form, Aβ aggregates are known as senile plaques (SP), and aggregated tau as neurofibrillary tangles (NFT). Aβ plaques may take several forms, ranging from diffuse to neuritic, with the latter including dystrophic neurites and tau-p material (Thal et al., 2002) . Synapse loss is the major correlate of disease progression (Selkoe, 2002 , Jack et al., 2010 , and while the exact mechanisms by which SP and NFT disrupt synaptic function are unclear, there appears to be a synergistic relationship in promoting synapse loss and ultimately neuronal death (Jack et al., 2013) . The most current hypothesis of biomarker staging suggests that tau-p, a product of normal aging, starts gradually accumulating early in life but becomes severely accelerated when the global Aβ burden exceeds a certain threshold, initiating neuronal injury and neurodegeneration (Jack et al., 2013 (Jack et al., , 2016 . Generally, it is believed that NFT accumulation begins in the transentorhinal cortex, progressing to entorhinal, hippocampal, temporal, parietal and occipital cortices (Braak et al., 2006) . A fascinating retrospective study identified neuropathologically defined subtypes of AD based on atypical distributions of NFT when compared to typical AD. Of 889 patients, 665 cases (75%) were classified as typical AD, 97 cases (11%) were classified as hippocampal sparing based on the observation that NFT in the hippocampus were sparse compared with the three association cortices, and 127 cases (14%) were classified as limbic predominant, where NFT count was higher in the hippocampus compared to that in three association cortices (Murray et al., 2011) . Of the hippocampal sparing group, a higher proportion of cases were men (63%), younger at death, and had a higher NFT count in cortical regions. The limbic predominant group, was primarily composed of women (69%), that were older at death, and had a gradual slope of decline when compared to hippocampal sparing cases (Murray et al., 2011) . The age of onset, education level, and results of a questionnaire used to assess cognitive impairment, Mini Mental State Exam (MMSE) scores, were recorded from the clinical history of these participants, but previous medical history of depression, or other stress-related psychiatric disorders were not taken into account. In the upcoming sections, we will provide a rationale for the importance of taking such factors into consideration, as they may play an important role in the etiology of AD in stratified patient populations.
This review will discuss a number of striking similarities in the pathogenesis of AD and neuropsychiatric disorders that have been observed in clinical studies, as well as in preclinical models. While there are significant distinctions between these disparate disease states, we will discuss homologous elements such as adaptation to stress that may become maladaptive following chronic exposure, resulting in largescale network reorganization and alterations in neuronal connectivity. Further, the heterogeneity of disease presentation, onset, environmental and genomic factors that are prominent in both psychiatric disorders, e.g. depression, and AD support the notion that the stratification of patients, and potential opportunities for individualized therapies is crucial for the advent of effective disease modifying therapeutics. Elucidating the link between neuropsychiatric and neurodegenerative disorders is paramount to advancing knowledge for both conditions. First, understanding that a subpopulation of individuals that are vulnerable to stress-related psychiatric diseases may be predisposed to AD presents opportunities for the development of therapeutic interventions geared towards stress related targets that may be advantageous in preventing AD. Second, defining the abnormalities in Aβ and tau-p that are thought to drive the progression of AD, may be an important area of investigation for treatment of broader neuropsychiatric disease states, including depression.
In the following sections we will propose a hypothesized framework by which chronic stress may contribute to underlying neuropsychiatric pathology evident in depressed patients, which may render some individuals vulnerable to neurodegenerative disease later in life (Fig. 1) . We begin by reviewing clinical studies supporting the notion that depression is an independent risk factor for AD, and additional clinical and preclinical findings linking chronic stress with depression and AD. Next we provide a foundation for the the importance of aminergic Fig. 1 . Cellular mechanisms of amyloid β (Aβ) production and secretion from somatodendritic and synaptic sites. This schematic reflects hypothetical and known mechanisms of Aβ production and secretion described in the literature with respect to locus coeruleus (LC)-norepinephrine (NE) circuitry. Fig. 1a points to the synaptic cleft of a corticotropin releasing factor (CRF) terminal releasing CRF onto and LC dendrite. Box 1A shows a higher magnification image of CRF release onto LC neurons under conditions of stress, engaging CRF Receptor 1, which has been implicated in Aβ production and abnormal phosphorylated tau (tau-p). Fig. 1b illustrates amyloid precursor protein (APP) processing within the soma of LC neurons. Box 1B. expands on the mechanistic details of APP processing within the cell body, illustrating that the subcellular localization of APP determines its participation in two divergent processing pathways: the α-secretase mediated non-amyloidogenic pathway, or the beta amyloid cleaving enzyme 1 (BACE-1) and γ-secretase mediated amyloidogenic pathway. Once Aβ is formed, it may continue along the secretory pathway, resulting in release into the extracellular space, or degradation in the lysosome (Haass et al., 2012) . Studies utilizing microdialysis have estimated that approximately 30% of endogenous interstitial fluid (ISF) Aβ is produced in the secretory pathway and released from somatodendritic processes (Box 1B), while approximately 60% is produced at the synapse (Cirrito et al., 2003) (Fig. 1c) . Box 1C illustrates that the production and secretion of Aβ at the synapse is a tightly regulated process that occurs following changes in synaptic activity, in an endocytosis dependent manner (Cirrito et al., 2005 , Cirrito et al., 2008 . It has been hypothesized that increases in synaptic activity correlate with increased vesicle recycling, which leads to greater internalization of APP, and subsequent increased amyloidogenic processing (Cirrito et al., 2008) . Microdialysis studies utilizing acute behavior paradigms of stress or exogenous CRF have demonstrated increased levels of ISF levels of Aβ (Kang et al., 2007) , however, the anatomical substrates of this interaction with respect to LC neurons has not yet been investigated. circuitry in depression and AD, and discuss the large-scale network adaptations, cellular and molecular alterations to neurons within these networks, that are induced by stress and may contribute to the pathophysiology of disease. Undoubtedly, extensive research has demonstrated the importance of a balance in excitatory and inhibitory neurotransmission in mood related psychiatric disorders (Kendell et al., 2005 , Kugaya and Sanacora, 2005 , McEwen, 2005 and AD (Palop and Mucke, 2010a,b) , and the influence of glucocorticoids (GC) (McEwen, 2005; Oakley and Cidlowski, 2013) . There are excellent previously published reviews on these topics, thus the focus of this review will be on stress-related aminergic circuit dysfunction with emphasis on the locus coeruleus (LC)-norepinephrine (NE) system, an underappreciated circuit in the context of AD (Ross et al., 2015) .
Clinical evidence

Behavioral and psychological symptoms of dementia
Today, many of Alzheimer's keen insights are still driving clinical investigations regarding not only the stratification of patients with complex neurodegenerative diseases based on clinical and histological differences between patients, but also regarding the behavioral and psychological symptoms of dementia (BPSD). McKeith and Cummings note that while cognitive decline has traditionally been seen as the defining feature of dementia, neuropsychiatric assessment is crucial for differential diagnosis and the management of symptoms (McKeith and Cummings, 2005) . McKeith and Cummings have extensively studied BPSD in the AD clinical population and have identified three basic behavioral syndromes that predominate; one group is characterized by few behavioral abnormalities, another by prominent symptoms of psychosis, and the third by a prominent mood disorder syndrome (McKeith and Cummings, 2005) . BPSD may be assessed using the neuropsychiatric Inventory (NPI), a questionnaire that detects 12 symptoms that may occur during the process of dementia, including delusions, hallucinations, agitation, depression, anxiety, euphoria, apathy, irritability, disinhibition, aberrant motor activity, sleep disturbances and appetite changes. Retrospective studies that have utilized this assessment approximate that onset of BPSD occurs between 45 and 50 months of diagnosis (Hart et al., 2003) . The same study reported that behavioral changes were present in up to 88% of patients, and that depression was the most common psychological symptom in 56% of the cohort (Hart et al., 2003) .
A clinical study of anxiety in AD patients utilizing the NPI anxiety subscale, revealed that anxiety is most common in those with more severe cognitive deterioration and an earlier age of onset after adjusting for age, age at onset, educational level, and MMSE score. Caregivers reported anxiety in AD patients in 30 of the 115 (26.1%) subjects examined. Interestingly, anxiety was also correlated with delusions, hallucinations, euphoria, and disinhibition, and 19 of 30 (63.3%) patients with reported anxiety also had depression (Porter et al., 2003) . Neuroimaging studies suggest that there are neurobiological changes that differentiate patients with BPSD from those without BPSD and further, the presence of BPSD in AD may be conferred with the presence of genetic polymorphisms in serotonergic, noradrenergic, and dopaminergic related synaptic machinery, and markers of inflammatory cascades, which are also found in depressed individuals , Ordway et al., 2003 , McCulley et al., 2004 , Szot et al., 2006 , Borroni et al., 2009 , Grunblatt et al., 2009 , Combarros et al., 2010 .
Depression as a risk factor for AD
It is well known that depression can cause reversible cognitive impairment, even without any co-existent neurodegenerative disorder, and some investigators have reported hippocampal atrophy in clinical studies of recurrent major depression (Sheline et al., 1996) . On the other hand, depressive symptoms in older persons are associated with clinical AD in cross sectional studies, and with cognitive decline and risk of dementia or AD in longitudinal studies (Green et al., 2003 , Wilson et al., 2003b , Ownby et al., 2006 . These observations have lead to clinical studies investigating whether depressive symptomology is a risk factor for AD, or if it is an early sign of the pathology of the disease. To this end, it has been shown that depressive symptoms are associated with an increased risk in incident AD and rate of cognitive decline in a cohort of older Catholic nuns, priests and brothers that were annually evaluated for physical and mental health until post mortem analysis as part of the Religious Orders Study. Further studies on this cohort have demonstrated that depressive symptoms were not significantly related to plaques and tangles, and did not significantly alter the relation of SP and NFT to clinical manifestations of the disease. Thus, it would appear that depressive symptoms are associated with risk of clinical AD through a mechanism independent of SP and NFT (Wilson et al., 2003b) . In agreement with these findings, a systematic meta-analysis and meta-regression analysis of clinical studies examining the relationship between depressive symptoms and AD concluded that a history of depression may possibly confer an increased risk for later developing AD, thus reflecting an independent risk factor for the disease rather than a prodrome of the disease. The authors do caution, however, that their findings do not rule out the possibility that depression is both a remote risk factor for AD and a proximal prodromal feature of it (Ownby et al., 2006) . In line with these results, the Multiinstitutional Research in Alzheimer's Genetic Epidemiology (MIRAGE) study, which included 4046 subjects found that depression symptoms before the onset of AD are associated with the development of AD. Strikingly, depression symptoms occurring more than 25 years before memory impairment were associated with the development of AD (Green et al., 2003) . These data and others suggest that depression symptoms are a risk factor for later development of AD. Thus, a culmination of compelling evidence from clinical and epidemiological studies exist to suggest common underlying mechanisms that may play important role in the neuropathology of depression and AD.
3. Chronic stress as a putative link between depression and AD 3.1. Chronic stress, depression, and AD: clinical studies Clinical and post mortem studies of depressed patients, untreated suicide victims and AD have revealed striking parallels in the nature of these neurological disorders. The evidence suggests an intersection of neuropsychiatric and neurodegenerative disorders, whereby chronic stress may link these seeming disparate classes of disorders in certain patient subpopulations. Clinical studies have revealed that there exists an underlying relationship between depression and AD, although the precise mechanisms are not fully understood. Based on accumulating evidence in the literature, hypotheses have been put forth that pathologic mechanisms induced by chronic stress, often a significant factor in the etiology of depression, may be a key factor predisposing individuals with chronic stress or stress-related psychiatric diseases such as depression, to long term neurodegenerative diseases such as AD (Pomara and Sidtis, 2009; Aznar and Knudsen, 2011) .
Hyperarousal
The first line of evidence that chronic stress may bridge neuropsychiatric and neurodegenerative pathology stems from clinical studies demonstrating hyper-activation of the hypothalamo-pituitaryadrenal (HPA) axis and indicators of decreased negative feedback inhibition in both depressed and suicidal individuals, and AD patients. Exposure to stress is associated with the onset and severity of depression and several anxiety disorders (Kendler et al., 1995) . In addition to an association with stress, anxiety disorders and melancholic features of depression share a core symptom of hyperarousal, which is a defining feature of the disease and is characterized by sleep disturbances, inability to concentrate, restlessness, and increased vigilance (Southwick et al., 1999, Gold and . In both animal models and humans, corticotropin releasing factor (CRF) is the neurohormone that initiates both the peripheral and central responses to stress, and has been shown to be hypersecreted in patients with depression, evident in elevated levels of CRF immunoreactivity in the cerebrospinal fluid (CSF) of depressed patients (Nemeroff et al., 1984) . CRF engages the central response to stress by exciting the LC, a cluster of NE neurons located at the base of the fourth ventricle that are recognized as the sole providers of NE to the frontal cortex and hippocampus, and whose broad reaching afferents provide NE to the entire neuraxis. The LC-NE system is highly responsive to CRF during both acute and chronic stressors, both cognitive and physical, and individuals experiencing melancholic depression exhibit a state of high CRF/NE tone . Clinical studies have also demonstrated that inpatients with chronic, treatment-resistant depression have cortisol outputs throughout the day which are double those of healthy controls (Juruena et al., 2006) . Finally, many of the symptoms in a subset of individuals with severe melancholic depression, resemble over-activity of the stress axis, including increased basal cortisol secretion, blunted rhythm, and resistance to dexamethasone suppression (Gold, 1988 . Thus, hyperarousal of the stress system is an important factor that dictates both the onset and severity of psychiatric disorders. However, it is imperative to recognize the inherent heterogeneity of depression, reflected in the characterization of depressive subtypes that have opposing features such as enhanced or suppressed HPA axis activity exemplified by high or low CRF/NE states in melancholic and atypical depression, respectively. Such features have tremendous therapeutic implications, and may guide efforts to appropriately stratify patient populations, and neglecting to do so may confound the interpretation of results, especially those attempting to discern the role of CRF/NE stress responsivity in depression and neurodegenerative disease (Gold and .
Cortisol
Based on a number of clinical studies on plasma cortisol and its metabolites in AD patients, there is also support for the notion of hypercortisolism as a contributing factor in the pathogenesis and progression of AD (Weiner et al., 1997 , Csernansky et al., 2006 , and that chronic stress is a risk factor for AD (Wilson et al., 2003a , Wilson et al., 2003b . Hypercortisolemia (Weiner et al., 1997) and reduced negative feedback inhibition (O'Brien et al., 1994) have been documented in several clinical studies of AD utilizing CSF isolated via lumbar puncture, evidenced by abnormalities in the dexamethasone suppression test (Balldin et al., 1983 , Davis et al., 1986 , supporting the notion that the peripheral and central stress systems are in a state of hyperarousal. While hypercortisolemia has been widely documented in AD patient populations (Davis et al., 1986 , Masugi et al., 1989 , Oxenkrug et al., 1989 , Martignoni et al., 1990 , Franceschi et al., 1991 , Maeda et al., 1991 , Weiner et al., 1997 , Lupien et al., 1998 , Carlson et al., 1999 , Umegaki et al., 2000 , Peskind et al., 2001 , Rasmuson et al., 2001 , Csernansky et al., 2006 , Huang et al., 2009 , Arsenault-Lapierre et al., 2010 , Lara et al., 2013 , Zverova et al., 2013 , Popp et al., 2015 , it is also important to consider that cortisol and HPA axis activity may increase with age (Friedman et al., 1969 , Dodt et al., 1991 , Raadsheer et al., 1993 , Raadsheer et al., 1994 , though this remains controversial as some studies have reported no change or decline in HPA activity with age (Sharma et al., 1989) . Perhaps, some of these differences may be reconciled by a longitudinal study of healthy elderly adults providing evidence for subgroups of individuals characterized by cortisol levels that increased with years in one subgroup, to decrease in another, and to remain stable in a third, and in which the age of the subjects was not related to either cortisol levels or to the pattern of change in cortisol secretion over years (Lupien et al., 1996) . In a longitudinal study designed to assess the relationship of cortisol levels to progression of AD, it was determined that cortisol levels were significantly related to the clinical progression of the disease, but not to aging or survival (Weiner et al., 1997) . However, another study found that hypercortisolemia and associated HPA axis dysfunction which correlated with severity of dementia in cross-sectional sampling did not correlate with a longitudinal follow-up sampling in AD patients (Swanwick et al., 1998) . It should also be noted, that hypercortisolemia alone has deleterious effects on cognitive function and hippocampal volume, such as that observed in Cushing's Syndrome patients, (Starkman et al., 1992 , Forget et al., 2000 , Starkman et al., 2001 , or healthy adults with stress level cortisol treatment (Newcomer et al., 1999) . More recent studies have further elucidated the relationship between cortisol and AD, demonstrating that the relationship between cortisol and memory may depend on the presence or absence of cognitive decline of the individual, such that AD patients may be disproportionately affected by cortisol induced hippocampal atrophy, or cognitive function evidenced by MMSE scores (Huang et al., 2009) or by Brief Cognitive Screening Battery, a screening tool used to diagnose AD (Souza-Talarico et al., 2010) . A study conducted in 2015 by Popp and colleagues demonstrated that after controlling for confounding variables including CSF measures of Aβ 42 and total tau, higher levels of CSF cortisol were associated with accelerated disease progression, evidenced by faster clinical and cognitive decline (Popp et al., 2015) . Further, by stratifying patients assessed by baseline cognitive status, the study was able to establish that HPA axis dysregulation occurs at the mild cognitive impairment (MCI) stage, early in disease onset and development (Popp et al., 2015) . In support of this, stress is considered a risk factor highly correlated with AD pathology in rodents and humans (Pardon, 2011) , as well is in humans with depression (Kendler et al., 1995) . Interestingly, studies examining the effects of stress on apolipoprotein E (ApoE) allele status have demonstrated that prolonged stress in older, non-demented individuals in the presence of an ApoE ε4 allele leads to memory decline (Peavy et al., 2007) .
Involvement of biogenic amine circuits
Among persons with AD, the presence of major depression has been related to neuronal loss in midbrain aminergic nuclei, and decreased cortical levels of NE and serotonin (Zubenko and Moossy, 1988 , Zubenko et al., 1990 , Forstl et al., 1992 . The role of NE in the behavioral and psychological symptoms of AD has been reviewed, summarizing compelling evidence that degeneration of noradrenergic neurons and subsequent alterations in noradrenergic transmission result in behavioral changes related to depression, aggression, agitation and psychosis (Herrmann et al., 2004) . In line with these findings, are genetic studies linking polymorphisms in NE synthesizing enzymes (Combarros et al., 2010) . Even more fascinating, is the finding that LC neuronal loss exhibited in AD patients can be more profound in a subpopulation of individuals, originally identified by Blessed and colleagues in 1981 (Cross et al., 1981) , and later affirmed by Bondareff et al. (1987a,b) , who identified a group of AD patients with greater neuronal loss in the LC, which was associated with less choline acetyltransferase (ChAT) activity, smaller concentrations of somatostatin and NE, more plaques and tangles in cerebral cortex (Bondareff et al., 1987a,b) . Further, it was noted that the duration of dementia was greater in these patients, but that the mean age of death was greater, however these differences were not found to be statistically significant (Bondareff et al., 1987a,b) . Additional studies by Bondareff et al. demonstrated that loss of LC neurons correlated significantly with NE concentration, ChAT activity, and numbers of plaques and tangles on Brodmann area 24 (cingulate); ChAT and plaque counts in area 21 (temporal); and with ChAT activity in area 10 (frontal). In addition, LC neuronal counts, and the number of NFT in the LC were correlated significantly with the severity and estimated duration of dementia, suggesting that changes in central NE pathways are related to the pathophysiology of AD (Bondareff et al., 1987a,b) . Interestingly, the Vienna-Transdanube Aging (VITA) study investigated the genetic link between depression and AD found significant associations with ChAT polymorphisms in depression and AD (Grunblatt et al., 2009 ). Thus, LC neuronal loss may influence not only NE transmission, but also acetylcholine transmission in the forebrain, which plays a significant role in the etiology of depression and AD.
Additional support for involvement of aminergic brain dysfunction in both neuropsychiatric and neurodegenerative disorders stems from studies of untreated suicide victims with neuronal loss of the LC. Tyrosine hydroxylase (TH) levels in the LC of untreated individuals who committed suicide were 108-171% higher than levels in control subjects (Ordway et al., 1994) . Further, the finding that there are 23% fewer neurons in the LC of those who have committed suicide compared to controls has led some researchers to hypothesize that altered NE transmission in severe depression may be due to the presence of fewer NE neurons (Chan-Palay and Asan 1989a,b). Additional findings demonstrate that in post mortem brain tissue of suicide victims exhibit signs of altered function of the α-2 adrenergic receptor (AR), further supporting the involvement of NE and AR in the pathogenesis of depression (Valdizan, Diez-Alarcia et al. 2010) . While suicide as a cause of death does not necessarily indicate depression as a causal factor, the American Society for Suicide Prevention reports that 90% of individuals that commit suicide have a diagnosable psychiatric disorder at the time of their death, over 50% of which are diagnosed with depression (Prevention, 2015) . As previously discussed, a prominent loss of LC neurons is a well characterized feature of AD, which occurs more severely in a subpopulation of Alzheimer's patients (Bondareff et al., 1987a ,1987b , Zarow et al., 2003 , and a prevailing hypothesis states that partial loss of noradrenergic neurons of the LC is accompanied by compensatory activation of surviving neurons through an increase in TH mRNA expression in remaining neurons, sprouting of dendrites into the peri-LC dendritic zone and sprouting of axonal projections to the hippocampus (Szot et al., 2006 , Stefani et al., 2015 . These findings are further supported by studies that demonstrate significant positive correlations between indexes of noradrenergic activity in CSF, plasma and urine in depressed patients (Wyatt et al., 1971 , Roy et al., 1987 , Roy et al., 1988 . However, other studies did not show significant differences in CSF NE between depressed individuals and control neurological patients, except where depressed patients also had high levels of anxiety (Post et al., 1978) . Currently there are no clinical studies directly evaluating LC neuronal loss in patients with depression, however this may be an important area of future research considering that a common therapeutic effect of antidepressants with diverse pharmacological mechanisms is a reduction of LC neuronal firing that may be neuroprotective (Szabo et al., 2000 , West et al., 2009 . Importantly, several studies have found greater LC neuron loss in depressed subjects with AD (Zubenko and Moossy, 1988 , Zweig et al., 1988 , Zubenko et al., 1990 , Forstl et al., 1992 . In contrast, one study was able to confirm LC neuronal loss in AD patients, but did not find a significant difference in LC neuronal loss between AD patients with depression, transient depression or without depression (Hoogendijk et al., 1999) . It should be noted, however, that such studies are limited by heterogeneity of depression, as the presence or absence of melancholic features in depression were left unaccounted (see section on hyperarousal). This may have a significant influence on the interpretation of results and perhaps should be taken into account in future study design, as individuals with melancholic depression or displaying more prominent features of melancholia may have LC neurons that are disproportionately affected. Thus, there is a possibility that the pathophysiological mechanisms of depression may influence the integrity of the LC-NE system, resulting in the selective degeneration of LC neurons and predisposing a select population of individuals to AD neuropathology. While these separate studies cannot exclude this possibility, studies to date have not directly studied this issue, and it may be an important area of future investigation.
Sex differences in vulnerability to stress related psychiatric disorders and AD
Stress is a common underlying feature of psychiatric disorders, particularly those that are more prevalent in females such as depression. Strikingly, approximately two-thirds of AD patients are women (Alzheimer's's, 2015) , however, the most recent data on sex differences in incidence of AD suggests equivocal incidence of AD in men and women. Despite this equivalence, sex differences in risk factors and molecular drivers of pathology differ between men and women significantly (Rasmuson et al., 2001 , Beeri et al., 2009 , Corbo et al., 2009 , Craig and Murphy, 2009 , and women have increased severity of neuropathology compared to men (Koran et al., 2016) . There are neuroanatomical and physiological sex differences in brain regions that integrate the stress response, and in the signaling mechanisms that dictate responsivity to stress. The electrophysiological characteristics of LC neurons under basal conditions are mostly comparable between sexes, however, under conditions of stress, female rats exposed to stressors that activate the LC through CRF release in the LC, showed a greater magnitude of response than male rats independently of adult hormonal status of either males or females. Further, LC neurons exhibit morphological sex differences, such that LC dendrites of female rats are longer and more complex, having more branch points and extending further into the peri-LC than LC dendrites of male rats (Bangasser et al., 2010 , Bangasser et al., 2011 thus allowing for a greater magnitude of arousal in response to emotion-related stimuli by favoring more contacts with limbic terminals that convey emotion-related information (Valentino et al., 2013) . Finally, there are molecular differences in CRF receptor 1 (CRFR1) signaling in the LC that alter its trafficking, males exhibit an adaptive response to stress by internalization of the CRFR1, while females do not internalize CRFR1 potentiating the response to stress (Reyes et al., 2008 , Reyes et al., 2014 . Although coordinated CRF release in these circuits would be well designed for coping in a dynamic environment with potential life-threatening challenges, the initiation of these responses would be maladaptive in the absence of stressors or if the responses persisted after stress termination, especially in females (Valentino et al., 2013 , Bangasser et al., 2016 . Additionally, cortisol production and metabolism appear to be altered in women in early stages of AD (Rasmuson et al., 2001 ). Interestingly, a retrospective study evaluating the effect of ApoE genotype and depressive symptoms in AD revealed that women who possessed the ApoE ε4 allele (conferring increased risk of AD) were almost four times more likely to be depressed in comparison to those who did not carry the allele, and ApoE ε4 status, but did not predict depression among men in the cohort. These results are consistent with recent suggestions that the ApoE ε4 genotype may be over-represented among women with AD and depression and highlight a need for additional research investigating the links between ApoE genotype, mood, and gender (Bondi et al., 2008b , Bondi et al., 2008a .
4.1. Consequences of chronic stress on development and progression of depression and AD 4.1.1. Allostasis, allostatic load, and overload
The adaptation to stressful physical or social stimuli requires the coordination of peripheral and central nervous system components through hormonal and neuroendocrine mediators such as cortisol, GC, and CRF. The active process of adapting to stressors, the engagement of the HPA axis, and the negative feedback mechanisms that are built into systems physiology that terminate the stress response and maintain homeostasis, have been termed allostasis (McEwen, 2002; McEwen and Gianaros, 2011) . While these responses are necessary, their net effect are not without consequence; they may erode the integrity of these systems over time, leading to wear and tear on the body and the brain. The cumulative effect of this adaptation process is termed allostatic load (McEwen, 2002, McEwen and Gianaros, 2011) . The state of allostatic overload is one defined by the inability to turn off the stress response efficiently, and may result from exposure to chronic stress, which leads to maladaptive responses and pathophysiology (McEwen and Gianaros, 2011 , McEwen and Morrison, 2013 , McEwen et al., 2015 (Fig. 2) .
The maladaptive responses observed in a state of allostatic overload are profound: they may result in metabolic and inflammatory alterations both peripherally and centrally, and promote alterations in neuronal gene expression, neuronal morphology, and the architecture of greater neuronal networks. These alterations have significant effects on behavior, thus are crucial for the understanding and treatment of stressrelated psychiatric disorders. Recent evidence in the literature supports the notion that the mechanisms by which chronic stress profoundly alters human behavior, large scale brain-networks, the smaller neuronal networks that compose them, and the individual synapses that control their activity, may provide a link between neuropsychiatric and neurodegenerative disease. In the following sections, we will review evidence that supports the hypothesis that allostatic overload, or chronic stress, results in a reorganization of neuronal circuitry such that limbic circuits are enhanced and cortical circuits are diminished, resulting in a disconnection syndrome evidenced by psychiatric symptoms, including those observed in dementia.
Stress and large-scale brain network reorganization: a balancing act
The activation or connectivity of large-scale brain networks, evident in reliable patterns of activity during specific tasks, may be referred to as brain states. The brain state when an individual is not focused on their external environment, but rather is concentrating on internal events and thoughts, engages a distinct anatomically defined brain system called the default mode network (DMN) (Buckner et al., 2008 , Buckner, 2013 , Raichle, 2015 . The DMN is active during internally focused tasks, such as autobiographical memory retrieval, planning for the future, and conceiving the thoughts or perceptions of others (Buckner et al., 2008) . Neuroimaging functional magnetic resonance imaging (fMRI) studies in nonhuman primates and in human have converged to identify core regions associated with DMN; the ventral medial prefrontal cortex (vMPFC) (also known as the infralimbic region), posterior cingulate cortex (PCC), the adjacent precuneous (pCu), inferior parietal lobe (IPL), lateral temporal cortex (LTC), the dorsal medial prefrontal cortex (dMPFC) and the hippocampal formation (HF) (Buckner et al., 2008 , Buckner, 2013 .
The discovery of DMN has enticed investigators to hypothesize about the maintenance of brain states, and the neural correlates of switching between states of internal mentation and interacting with the external environment (Tang et al., 2012) . The suppression of the DMN is functionally important for successful operation of certain cognitive processes, such as focused attention, working memory and other executive functions (Anticevic et al., 2012) . This effective switching between the states is at least partially dependent on the function of salience network, consisting of anterior insular and dorsal anterior cingulate regions (Sridharan et al., 2008 , Bonnelle et al., 2012 .
The LC is thought to play an important role in this mechanism (Corbetta et al., 2008 , Hermans et al., 2011 , as it is poised to switch between two modes of discharge activity that dictate behavioral outcomes in response to task-related stimuli [for extensive review see (Aston-Jones and Cohen, 2005, Valentino and ]. The LC-NE system is critically involved in promoting attention, wakefulness and cognition, and responding to stressful stimuli. Thus, it has been proposed that the activation of the LC and release of NE, terminates the resting state and begins an adjustment that involves cortical, subcortical, and autonomic activity, potentiating attention (Sestieri et al., 2011 , Tang et al., 2012 , Buckner, 2013 and allowing for behavioral output of a task-related stimuli (Aston-Jones and Cohen, 2005) (Fig. 2) . During passive task states, the LC-NE system is characterized by a high tonic baseline, putatively linked to spontaneous thoughts (Smallwood et al., 2012) . During task-focused states, a decrease in tonic activity of the LC to moderate levels, may promote optimal engagement in the immediate task (Aston-Jones and Cohen, 2005). Thus, it has been suggested that the deactivation of certain regions overlapping with DMN may be caused, at least in part, by high tonic activity associated with the LC-NE system, reflected by theta oscillations (Scheeringa et al., 2008) . In support of this, it has been shown that Modafinil, a wakefulness promoting agent thought to act on monoaminergic transmitter systems, can augment task induced deactivation in the DMN to facilitate sensorimotor processing speed, an effect dependent on changes in vMPFC activity and is consistent with gain control function of catecholamine systems (Minzenberg et al., 2011) .
Allostasis in the context of LC-NE Induced de-activation of DMN
In addition to its role in initiating the deactivation of the DMN for Fig. 2 . Putative consequences of Aβ accumulation in stressrelated psychiatric disorders. We propose that chronic stress results in the production and accumulation of Aβ in the PFC, initiating mechanisms of post synaptic depression. With decreased activity of PFC neurons, other limbic regions such as the amygdala may become hyperactive, exhibiting increased dendritic spine density. As a result, a potential feed-forward system may be engaged, creating a vicious cycle in which imbalances in neurotransmitters and neuronal activity are perpetuated, and may manifest behaviorally as a stress-related psychiatric disorder such as anxiety or depression. LTD, long term depression.
task-directed behavior, the LC-NE system is a key component of the stress response brain state. This is especially important in light of the recent evidence in human fMRI studies that stressed individuals displayed greater activation of the DMN, as well as impairments in the deactivation of resting state networks when compared to controls (Soares et al., 2013) . Specifically, stress increased the functional connectivity of the medial prefrontal cortex (mPFC), medial orbitofrontal cortex, PCC and the pCu. Sousa and colleagues conclude that the increases in the posterior regions of the DMN observed in stressed participants, particularly the PCC and the inferolateral parietal lobes, are likely associated with longer processing of emotionally salient stimuli and episodic memory retrieval (Maddock et al., 2003 , Wagner et al., 2005 , Soares et al., 2013 . Additionally, this increase in functional connectivity was associated with a contraction of the connectivity map of the DMN, with specific reductions in the left PCC and left and right parietal inferior regions. While whole brain analysis for relative intracranial volumes between stress and control groups did not differ, a significant reduction in the total DMN volume was observed in stressed patients, and more specifically in the left PCC and the left and right parietal inferior cortices. Sousa further speculates that these reductions are likely to reflect the stress-induced atrophic effects in cortical regions, observed in several previous reports (Liston et al., 2009 , Soares et al., 2012 , Soares et al., 2013 . In addition to fMRI, participants in this study were also examined on the perceived stress scale (PSS), Hamilton anxiety scale, and Hamilton Depression Scale. It was confirmed that stress individuals scored higher on the Hamilton anxiety scale, a finding that supports previous fMRI studies revealing lower deactivation in the pCu on anxious patients (Porter et al., 2003 , Carey et al., 2004 , Zhao et al., 2007 , Gentili et al., 2009 , Soares et al., 2013 and in anxious patients with AD (Zhao et al., 2007) . Thus, stress may act to precipitate behavioral alterations that reflect profound changes in DMN circuitry, particularly in the prefrontal cortex (PFC) areas, which have significant implications for psychiatric and neurodegenerative disease (discussed below) (Fig. 2) .
Failure to deactivate DMN: implications for depression and AD
Buckner and colleagues note that perhaps the most compelling link between clinical disease and disruption of DMN occurs in AD (Buckner et al., 2008) . From metabolism, Aβ Pittsburgh compound B (PIB)-positron emission tomography (PET), structure and activity based imaging studies in humans with AD, all approaches converge to suggest that the DMN is disrupted (Buckner et al., 2008) . The neuroanatomical pattern of reduced metabolism in patients with AD and age-matched healthy controls reflects DMN anatomical substrates, and includes PCC, IPL and LTC (Wagner et al., 2005) . Further, patients at genetic risk for the disease show similar metabolic differences in these areas (Reiman et al., 1996) . Additional studies that have examined regional brain atrophy in AD patients have also shown prominent decreases in volume of the medial temporal lobe (Scahill et al., 2002 , Thompson et al., 2003 , with accelerated atrophy in the PCC and medial temporal lobe in preclinical stages of the disease . Studies utilizing [ 18 F] fluorodeoxyglucose (FDG)-PET, measuring neuronal activity through glucose metabolism have shown that DMN regions along the midline, especially the PCC, show disproportionately high resting glucose metabolism relative to other brain regions by about 20% . Compelling reports of AD pathology cite DMN as a network where Aβ accumulates (Sheline et al., 2010 , Myers et al., 2014 , Koch et al., 2015 , even before symptoms emerge (Klunk et al., 2004) , suggesting early dysregulation of this system in the course of the disease. In line with this, studies in cognitively normal individuals show that within and between the DMN and other networks, Aβ accumulation induced alterations in functional connectivity, likely reflecting local network disruption and compensatory reorganization. Further, these changes occurred prior to biomarkers of hypometabolism, indicating that these profound changes occurred before the onset of cognitive decline (Elman et al., 2016) . In older adults with memory impairment and sleep disturbances, Aβ also disrupted functional connectivity in the DMN (Mander et al., 2015) . Consistent with these findings, Braak staging of Aβ deposition begins in the cortical regions of the brain (Braak and Braak, 1991) . Buckner and colleagues have proposed that the DMN's continuous activity augments an activity-dependent or metabolism dependent cascade that is conducive to the formation of AD pathology (2005) , and this is consistent with the known mechanisms of Amyloid Precursor Protein (APP) processing and Aβ formation, which is synaptic-activity dependent (Cirrito et al., 2005) .
A growing body of work using resting state-functional connectivity MRI (rs-fcMRI) implicates a failure to suppress DMN activity in cognitive impairments and symptoms associated with neuropsychiatric disorders (Benson et al., 1983 , Buckner et al., 2008 , Anticevic et al., 2012 . A lack of DMN suppression has been reported in depression; Sheline and colleagues found that depressed individuals fail to reduce DMN activity while examining negative images (Sheline et al., 2009 ). In depression, DMN suppression deficits are linked to rumination (Hamilton et al., 2011) or negative internal thought, an effect thought to reflect activity in the mPFC (Hamilton et al., 2011 , Anticevic et al., 2012 , Lemogne et al., 2012 . In support of this, neuroimaging and post-mortem analysis of patients with major depressive disorder have revealed decreased grey matter volume and cell counts with corresponding decreased glucose metabolism and cerebral blood flow in the dMPFC/anterolateral PFC, subgenual anterior cingulate, progenual anterior cingulate, orbital and ventrolateral and PCC (see (Drevets et al., 2008) for an excellent review of the structural and functional alterations in mood disorders). Interestingly, in depressed participants, an increased fMRI connectivity pattern between dMPFC regions and the DMN has been reported (Kessler et al., 2005) , and this increased connectivity has recently been shown to be reduced by antidepressants (Drevets, 2001 ). Strikingly, the study by Sousa and colleagues reveals an increased functional connectivity between mPFC and PCC in stressed participants, and the finding that stress increased activation in resting states of the anterior cingulate cortex is also of relevance for the affective processing of negative information, known to be altered in depressed patients (Surguladze et al., 2005 , Mogg et al., 2006 .
Based on the cumulative evidence presented above, stress may be an important etiological factor in diminishing the brain's ability to suppress DMN activity. Further, the role of LC-NE system in the stress response is well established, and with further examination of DMN we may come to better understand how LC-NE activity may participate in DMN suppression. The currently available literature suggests that the LC-NE system acts as a switch, allowing for the suppression of DMN while also enabling task-focused attention. What is unknown, and perhaps critical for future study, are the direct effects of chronic stress and downstream dysregulation of LC-NE activity on DMN activity. What may be inferred from the evidence presented, is that a dysregulation in the LC-NE system, possibly resulting from chronic stress, at least in part results in diminished ability to suppress DMN, and that this has significant consequences for stress-related disease states. Further, the resultant dysfunction of cortical regions involved in the DMN, may influence the neural architecture of downstream circuits involved in the neuroendocrine, neurotransmitter, and behavioral responses to emotional stimuli and stressors, creating a vicious cycle (discussed in detail in the following section). Thus, understanding the cellular and molecular processes by which NE may exert these effects may not only enhance our understanding of the maintenance and switching between large-scale networks and corresponding brain states, but also may facilitate and understanding the neural substrates of stress related-psychiatric disease and their behavioral correlates. In the following sections, we will review preclinical evidence that may provide mechanistic support for the discussed clinical findings.
Preclinical mechanisms 4.5.1. Allostatic reorganization of stress integrative circuitry
The coordination between endocrine, cognitive, and emotional limbs of the stress response is required to facilitate an appropriate behavioral response to a perceived stressor. A crucial player in this orchestrated response is the neurohormone CRF, which engages the peripheral and central stress response systems in parallel when released from the paraventricular nucleus of the hypothalamus (PVN). CRF action on the anterior pituitary via the hypophyseal portal system results in the release of adrenocorticotropic hormone (ACTH) which stimulates the adrenal gland to produce cortisol and GC. Of particular importance are GC, as they participate in a negative feedback loop to terminate the stress response when they bind to and activate their receptors, that are abundant in the PVN, hippocampus, and the PFC (McEwen, 1988; Ahima and Harlan, 1990; Ahima and Harlan, 1991) . Thus, circulating blood cortisol levels and interstitial fluid (ISF) levels of GC may be used as indicators of the stress response state of arousal. Importantly, in addition to the peripheral stress response, CRF also engages the intricately connected cognitive and emotional limbs of the stress response when it stimulates the midbrain nucleus LC and amygdala, respectively . As a crucial component of the cortico-limbic neurocircuitry, the mPFC has extensive downstream projections to regions as diverse as the amygdala and the brainstem (Sesack et al., 1989) , providing a mechanism of executive top-down regulation of autonomic and neuroendocrine balance (Thayer and Brosschot, 2005) , with influences on parasympathetic (Thayer and Sternberg, 2006) and HPA activity (Diorio et al., 1993) . Of particular importance, are the excitatory projections from the mPFC that synapse onto gamma-aminobutyric acid (GABA)ergic interneurons of the basolateral amygdala (BLA), which suppress the output of central nucleus of the amygdala (CeA) neurons. This has significant implications, because in the absence of top down modulation from the mPFC, hyperactivation of the CeA may result in increased LC neuronal activity and NE secretion, creating a vicious cycle of enhanced emotional and cognitive limbic excitability and reduced cortical control of those circuits (Fig. 2) .
Preclinical models of chronic stress reflect neuropsychiatric deficits in humans with depression and AD
Stress response areas in the brain are organized into functionally integrated networks that, when perturbed, disrupt cognitive function and emotional processing on a global level. Preclinical models of chronic and repeated stress have been developed to facilitate investigations of neurobiological correlates of mood disorders (Drevets et al., 2008) . In regions that appear homologous to the areas where grey matter reductions are evident in depressed humans (mPFC, hippocampus), repeated stress results in dendritic atrophy and reductions in glial counts and proliferation in rodents (McEwen and Magarinos, 2001 , Radley et al., 2004 , Radley et al., 2008 . Many of the regions reported to have dendritic atrophy under conditions of stress, particularly layer II/III pyramidal neurons in the right prelimbic and infralimbic cortex and left anterior cingulate cortex in preclinical models (Wellman, 2001 , Cook and Wellman, 2004 , Radley et al., 2006 , Cerqueira et al., 2007 , Shansky et al., 2009 , Sousa and Almeida, 2012 are aligned with reports of reduced volume of grey matter volume in DMN structures (Sheline et al., 2010 , Soares et al., 2013 , Elman et al., 2016 , and other regions implicated in depression and AD in humans (Chan-Palay and Asan, 1989a ,1989b , Soares et al., 2013 , McEwen et al., 2016 (Fig. 2) . These findings have lead some investigators to hypothesize that homologous processes underlie reduction in grey matter volume in PFC and hippocampal structures in Major Depressive Disorder (MDD) (McEwen and Magarinos, 2001) , and can potentially provide insight on the long term changes that may increase vulnerability of depressed or chronically stressed individuals to AD (Pomara and Sidtis, 2009 ).
Rodent studies utilizing chronic restraint stress for a duration of 21 days showed functional and structural changes in the PFC, amygdala, and hippocampus in a regionally specific manner (McEwen and Gianaros, 2011) . These alterations were such that dendritic spines in the mPFC were shortened (Wellman, 2001 , Cook and Wellman, 2004 , Radley et al., 2004 , Cerqueira et al., 2005 , Radley et al., 2006 , Cerqueira et al., 2007 , while dendritic growth was evident in the amygdala (Vyas et al., 2002) . In line with these results, other studies of repeated stress in rodents have shown resultant hyper-excitability of BLA neurons (Shekhar et al., 2005 , Vyas et al., 2006 . Other studies examining pyramidal neurons in layer III of the infralimbic, prelimbic, and cingulate cortices have shown 20% reduction in the length of distal portions of apical dendrites in male rats with exposure to chronic stress, an effect downstream of protein kinase C (PKC) signaling (Hains et al., 2009 ). This dendritic shrinkage was accompanied by spine loss, resulting in over 30% spine loss, which were primarily thin spines that are known to be involved in plasticity and cognitive performance, following chronic stress (Bloss et al., 2011) . These findings are consistent with human studies that demonstrate that the severity of MDD correlates positively with amygdala activity and negatively with activity in the PFC and lateral orbital cortex regions (Drevets et al., 2008) . Thus, a collective inhibition or down-regulation of activity in the mPFC and concurrent increase in activity of the amygdala may serve as a mechanism by which the modulation and organization of stress integrative circuitry is altered under conditions of chronic stress. In line with this reasoning, some investigators have speculated that the neuropathological changes evident in the mPFC in primary and some secondary mood disorders thus may impair the modulatory role of the mPFC over emotional expression, disinhibiting or enhancing limbic responses to stressors and emotional stimuli (Drevets et al., 2008) .
The evidence described thus far supports a model by which stressinduced remodeling of the PFC and amygdala is such that top-down executive control of the PFC is diminished by a reduction in dendritic spine density. Further, the retraction of dendritic spines in the PFC allows for enhanced emotional arousal, mediated by dendritic growth and hyper excitability of amygdalar neurons. Thus, the next important questions to consider are: 1. What influence do these alterations have on behavioral phenotypes? 2. Is there a concurrent effect on LC neurons? Few studies to date have examined LC neurons in models of stress-induced depression. Those that have, however, have indicated that LC axons degenerate under conditions of stress induced depression and may be regenerated with the administration of the antidepressants desipramine and imipramine. Thus, concluding that LC neurons degenerate in depression and regenerate in remission (Kitayama et al., 1994 , Kitayama et al., 2008 . More recent studies provide further support for this notion, as the injection of neurotoxin 6-hydroxydopamine (6-OHDA) directly into the LC results in a depressive phenotype indicated by increased immobility time in the forced swim test (FST), which could be reversed with a single dose of either L-1-3-4-dihydroxyphenylalanine (DOPA) or L-threo-3,4-dihydroxyphenylserine (DOPS) prior to behavioral assessment (Szot et al., 2016) . Investigators also report a significant positive correlation between the number of surviving LC neurons after 6-OHDA and FST immobility. Thus, concluding that even minimal loss of LC neurons is sufficient to induce depressive symptoms, and that early degeneration of LC neurons as observed in MCI patients may contribute to the observed BPSD, especially depression (Szot et al., 2016) . The investigation of abnormalities in tau-p and endogenous Aβ in such models will be critical to move forward our understanding of the intersection of neurodegeneration and neuropsychiatric disorders.
Stress-induced changes in dendritic spine density: the role of GC and aging
In an excellent review on the role of stress in structural plasticity over the course of a lifetime, McEwen and Morrison discuss the important role of GC in dendritic spine turnover during chronic stress, noting that aging impinges significantly on neuronal resilience to stress, and mechanisms of plasticity in the cortex, hippocampus, and amygdala. GC play an important role in the maintenance and regulation of dendritic spine density under conditions of stress, acute or chronic. Further, areas such as the prefrontal cortex and hippocampus are abundant in GC receptors Harlan, 1990, Ahima and Harlan, 1991) , and therefore may be more vulnerable to stress-related changes in dendritic morphology or atrophy.
McEwen and Morrison further discuss the vulnerability of PFC-dependent tasks to decline with age in humans, non-human primates, and rodents (reviewed in (Gallagher and Rapp, 1997) ), age-related decline in cognitive performance reliant on PFC may result from loss of thin, highly plastic spines that comprise axospinous synapses in pyramidal layer III of mPFC class of axospinous synapses on PFC pyramidal neurons (Dumitriu et al., 2010) . Interestingly, in young animals, despite profound changes in dendritic morphology and cognitive performance following chronic stress, a rest period of three weeks is sufficient for full functional recovery, with full dendritic arbor recovery and partial spine density recovery (Radley et al., 2008 , Bloss et al., 2011 . In contrast, middle-aged (12-month old) and aged rats, neurons failed to recover with rest following chronic stress demonstrating a loss of neuronal resilience that is apparent by middle age (Bloss et al., 2010) . Upon further analysis, it was concluded that middle-aged and aged rats lose 30% of their spines in the absence of stress, and this loss is driven primarily by the loss of thin spines in the aged rats. Taken together, these studies provide evidence that mPFC pyramidal neurons from aged rats suffer losses of plasticity at multiple levels: first, neurons from aging animals lose a certain population of thin spines that may be critical for proper functioning within PFC circuitry; second, the remaining dendritic spines are less capable of rewiring in response to experience; and lastly, neuronal dendrites from aging animals lack recovery-related plasticity mechanisms. Importantly, all three of these age-related changes in plasticity were observed in both middle-aged and aged animals, suggesting that preventative measures against such plasticity deficits may be optimally effective when implemented during middle-age. These observations are consistent with reports that middle-aged humans subjected to chronic stress are more vulnerable to develop AD than nonstressed controls (Johansson et al., 2010) , and that prolonged exposure of older, non-demented individuals to stress in the presence of an ApoE ε4 allele leads to memory decline (Peavy et al., 2007) .
Allostasis and synapse remodeling
AD is considered one of synaptic failure. Synapses are the primary mode of communication for neuronal and glial cells, dictate the activity of local neuronal circuits and wider circuits that connect disparate brain regions. Synapses are dynamic structures that undergo frequent remodeling and turnover in response to diverse stimuli, and are shaped by experience (Bloss et al., 2011) . Thus, while synaptic integrity is vital for brain function, it also requires plasticity for learning and memory processes, and also for adaptation to ever-changing environments. Synaptic remodeling may include alterations in the number of dendrites, via spine pruning, or the removal or regrowth of diverse types of dendritic spines (Sousa and Almeida, 2012) . Stress concurrently influences the tone of neuromodulators including GC, CRF, and NE, all of which may have profound molecular effects upon receptor binding, in a regionally specific manner. The mechanisms of stress-induced retraction and expansion of dendrites and synapse turnover, and the behavioral impact of stress induced synaptic plasticity have been reviewed (McEwen and Morrison, 2013) . While synaptic remodeling is pivotal for overall neuronal health in all brain regions, it is particularly important in the PFC and hippocampal regions, where complex cognitive processes occur (Wellman, 2001) . We begin this section by describing key components of the synapse, some of which are known to become drastically altered during the course of chronic stress, depression, and AD. As the cellular and molecular substrates reviewed in this section are likely to be key mediators of underlying mechanisms influencing neuronal structure, function, and viability in stress related psychiatric disorders, we postulate as to how chronic stress and a history of depression may render individuals more vulnerable to AD.
Cytoskeletal architecture of the synapse: the role of Tau
Structural plasticity, in the form of synaptic remodeling of neurons and glia, leads to functional plasticity (Sousa and Almeida, 2012) . The synapse is composed of a presynaptic neuron, defined synaptic cleft, and post synaptic neuron with a prominent post synaptic density (PSD). Tau, a member of the microtubule associated protein (MAP) family, is a soluble phospho-protein that stabilizes primarily axonal but also dendritic microtubules into bundles, to maintain cellular morphology. Tau binding and stabilization of axonal microtubules is crucial for trafficking intracellular organelles and vesicles. One of the primary events that regulate tau-microtubule interactions is phosphorylation, which alters tau binding and function. In contrast, post synaptic dendritic structures have protrusions that are known as dendritic spines, which make the connections with presynaptic terminal structures and are composed of diverse PSD proteins that are responsible for linking membrane components with cytoplasmic cytoskeletal proteins (Kondo and Okabe, 2011) . Actin is one of the primary cytoskeletal components of the synapse that regulate the activity dependent redistribution of scaffolding proteins, and may be altered by the strength of synaptic activity and the morphological enlargement of spine structure (Kondo and Okabe, 2011) .
Modulation of neuronal excitability at the synapse: the role of Aβ
As alluded to earlier, Aβ peptides are produced at the synapse, in a synaptic activity-and endocytosis-dependent manner, approximately 60% of the time (Cirrito et al., 2005 , Cirrito et al., 2008 . The production of Aβ is also largely dictated by the subcellular localization of its precursor, APP (Haass et al., 2012) . Typically, the internalization of APP favors amyloidogenic processing and the formation of Aβ, whereas its presence on the surface confers increased likelihood that it will encounter the α-secretase known to produce nontoxic, soluble APPα and C83 fragments (Hong et al., 2014) . Based on the cumulative evidence that synaptic Aβ production is neuronal activity-and endocytosis-dependent, it has been proposed that following neuronal activation, the recycling of synaptic vesicles results in increased internalization of APP, thus increasing substrate for β-and γ-secretases that reside in intracellular compartments. Resultant Aβ fragments may then be released into the extracellular space (Cirrito et al., 2008) . It has been shown that Aβ has the ability to enhance calcium permeability pre-synaptically resulting in increased probability of vesicle release (Abramov et al., 2009) , or may act post-synaptically to suppress neuronal activity by promoting receptor internalization , Ulrich, 2015 , and long term depression (LTD) (Li et al., 2009, Palop and Mucke, 2010a,b) . In line with these findings, it has been demonstrated that optimal concentrations of Aβ will facilitate vesicle release and neurotransmission, however, too low or too high levels of Aβ will inhibit synaptic activity (Abramov et al., 2009 ). Based on this evidence, it has been postulated that Aβ has a physiological role in the central nervous system as a modulator of neuronal activity (Palop and Mucke, 2010a,b) , that participates in a negative feedback loop to modulate neuronal excitability. Low levels of neuronal activity promote the processing of APP into Aβ by promoting the activity of the β-secretase at the synapse, however, once an abundance of Aβ is formed, it acts post synaptically to suppress neuronal activity. This has significant implications because, as previously discussed, the synaptic connections between neurons can dictate the activity of groups of neurons such as the LC in downstream microcircuits circuits such as those in the PFC and their global networks, which exert top-down executive control over regions such as the amygdala and hippocampus under normal physiological conditions. Thus an imbalance in Aβ may have global implications for neuronal functioning, behavior, and mood.
Stress is a precipitating factor of abnormalities in AD related synaptic proteins
Stress may disturb the activity of multiple brain regions. Because Aβ production at the synapse is dictated by synaptic activity, and it has been demonstrated that chronic neuronal hyperactivity is a driving force in Aβ accumulation (Yamamoto et al., 2015) , it is logical to put forth the notion that stress may increase synaptic levels of Aβ, perhaps to the level of dysfunction. Biochemical analyses of Aβ peptides have revealed they are highly hydrophobic approximately 4 kDa proteins with a strong tendency to self aggregate into stable dimers, trimers, higher oligomers and ultimately, 8 nm amyloid fibrils (Masters and Selkoe, 2012) . Thus the neuronal microenvironment, and the level of activity exhibited by certain conditions. In particular, stress, via chronic LC hyperactivation, may render the brain via its widespread projections, more vulnerable to an excessive accumulation of Aβ peptides, and subsequent deposition, forming plaques. Of great importance, would be excessive Aβ accumulation in the PFC, which would promote post-synaptic depression of GABA-ergic interneurons that control the amygdala, providing an anatomical substrate for enhanced limbic excitability.
Under normal physiological conditions clusters of neurons will fire together in synchrony, a process that is important for memory and learning processes (Jutras and Buffalo, 2010) . However, what has been observed in humans with AD, and in mouse models of AD that overexpress APP and consequently have increased production of Aβ, is that there are abnormal patterns of neuronal activity in circuits and wider networks (Palop and Mucke, 2010a,b) . This suggests that the negative feedback loop in which Aβ normally participates, becomes altered in AD. For example at the circuit level, high levels of Aβ increase network synchrony and elicit epileptiform activity as illustrated in EEG recordings of the left and right parietal cortex of human APP transgenic mice and non-transgenic controls (Palop et al., 2007) . However, when individual neurons are examined in vivo by calcium imaging, neurons recorded from non-transgenic controls exhibit an intermediate level of activity, whereas neurons from mice genetically modified to express presenilin 1 and human APP (PSAPP) mutations, yielding high Aβ levels, are either hypoactive or hyperactive (Busche et al., 2008) . Ultimately, this has lead to the perspective that AD is a disconnection syndrome, or global network desynchronization. The impairments of neural synchrony observed in schizophrenia, autism, and AD are consistent with current theories that emphasize a disconnection syndrome as the underlying pathophysiological mechanism (Palop et al., 2007, Palop and Mucke, 2010a,b) . According to these theories, cognitive dysfunctions as well as symptoms of these disorders arise from a dysfunction in the coordination of distributed neural activity between and within functionally specialized regions of the cerebral cortex (Elman et al., 2016) . Reduced neural synchronization can be a consequence of disconnection, but it can also be the cause of impaired coupling between brain areas because synchronization of neural responses is essential for their propagation across sparsely connected networks (Abeles, 1991) .
CRF and CRF receptor 1
In the last decade, a number of studies have examined the contribution of stress in AD by utilizing behavioral models of acute and chronic stress as well as a number of genetic models that perturb CRFR1 signaling, either by overexpression of CRF (CRF OE) or ablation of CRF receptors. Seminal studies examining the effect of neuronal activation on Aβ and hyper-phosphorylated tau accumulation demonstrated that stress, or increased CRF neurotransmission, accelerates AD neuropathology (Kang et al., 2007 , Dong et al., 2012 . Studies from the Rissman group have utilized a mouse line with genetic ablation of CRFR1 crossed with the PSAPP mouse model of AD, to examine the effects of CRFR1 ablation on Aβ accumulation. CRFR1 ablation resulted in significantly reduced levels of Aβ40, Aβ42 compared to PSAPP counterparts, with a concurrent dramatic reduction in AβPP C-terminal fragments (CTFs) in PSAPP-R1 mutant mice. Further, the data demonstrate that PSAPP-R1 mutant mice have reduced insulin degrading enzyme (IDE) and AβPP CTFs, suggesting that the mechanism underlying the observed change may involve Aβ production rather than clearance. One putative mechanism suggested is that CRFR1 is a modulator of β-or γ-secretase trafficking. Thus, CRFR1, the primary receptor responsible for stress-responsivity and abundantly expressed in the LC, among other regions, is a significant contributor of Aβ production in AD mouse models.
Equally compelling, are studies that explore the effects of CRFR1 activation or ablation on the phosphorylation of tau. In one study it was demonstrated that thirty-minute acute restraint stress resulted in rapid and reversible increased in tau-p at multiple AD relevant sites (S181, S199, S202/T205 (AT8), T212, T231, S396/404 (PHF-1), and S422) in soluble fractions of hippocampal tissue, independently of GC signaling. Additional studies determined that CRFRs differentially regulated taup, and that CRFR1 was predominantly responsible for stress-induced increases in tau-p. These findings were further supported by pharmacological studies using antalarmin, a selective CRFR1 antagonist, that demonstrated that CRFR1 antagonism was sufficient to prevent stressinduced increased in tau-p. These results support a specific involvement of CRFR1 signaling in stress induced tau-p of AT8 and PHF-1 sites (Rissman et al., 2007) .
Subsequent studies focusing on the effects of chronic, repeated stress on tau-p revealed that CRFRs have differential effects on not only tau-p, but also its solubility and state of aggregation. To determine whether this effect generalized to chronic/ repeated stress these investigators examined levels of AT8 and PHF-1 sites in mice lacking CRFR1, CRFR2, or both receptors and in both soluble and insoluble hippocampal fractions after a single exposure (acute stress) or fourteen consecutive daily exposures (repeated stress) to a restraint stress. While tau-p resulting from acute stress was transient and potentially involved in stress related neuroplasticity, tau-p induced by repeated stress or overexpression of CRF was present for extended periods after stress exposure, had a definable structure and was localized to detergent soluble cellular fractions (Rissman et al., 2012) . Thus, tau-p induced by chronic stress via CRFR1 forms pre-pathological structures that may result in NFT formation over long periods of time.
Constitutive overexpression of CRF in mice is considered a valid animal model of chronic stress; CRF OE mice display significant brain atrophy at three to six months of age, and show hippocampal dependent learning deficits when tested at 9 months of age. Furthermore, studies using CRF OE mice have found increased levels of tau-p compared with wild type littermates. CRF OE mice have increased hippocampal tau-p; in particular, AT8, PHF-1 and S422 were 350%, 350% and 170%, respectively greater in CRF OE mice than their WT counterparts. Treatment for thirty days with R121919, a selective CRFR1 antagonist, completely prevented the rise in tau-P at AT8 and PHF-1 phosphorylation sites in CRF OE mice. By contrast, levels at the S262 and S422 sites were unchanged by R121919 pretreatment. These results demonstrate that overexpression of CRF can induce tau-p in the hippocampus, a process that requires CRFR1 for specific sites but not others. CRF OE cohorts show significantly increased phosphorylation levels of glycogen synthase kinase 3 beta (GSK-3B), mitogen-activated protein kinases (MAPK) p38, and extracellular signal-regulated kinase (ERK)1/2. Levels of cyclin-dependent kinase 5 (cdk5) were unchanged in CRF OE mice regardless of treatment with R12919. Only levels of activated c-Jun Nterminal kinase (JNK) were sensitive to R121919 pretreatment, indicating that the induction of tau-p via JNK activation is central to tau-p at the AT8 and PHF-1 sites in CRF OE. CRF OE also increased formation of globular tau aggregates. Requires more confirmation, but findings may represent evidence of pre-pathologic hippocampal tau aggregates in vivo (Campbell et al., 2015a,b) . Importantly, the LC has not been investigated in these models, and given the abundance of CRFR1 and the literature supporting LC degeneration in stress-induced models of depression, studying tau-p and Aβ aggregates are of paramount importance.
Rissman and colleagues hypothesize that stress-induced tau-p is an essential process required for stress adaptation that becomes dysfunctional with advancing age and/or with chronic overstimulation (Rissman, 2009) . In support of this, studies examining the functional implications of CRF exposure on tau-p have revealed that CREB activation and BDNF transport was significantly reduced, while mitochondrial velocity and distance traveled was increased (Le, Weissmiller et al. 2016) , suggesting a shift in priority away from growth factors and towards cellular energy sources under conditions of stress. Although phenomenology may be distinct, a similar case can be made for toxicity associated with Aβ. Aβ is produced in the brain throughout life, but with advancing age perhaps the ability to clear or process Aβ may become altered or lost, which causes accumulation (Campbell, Zhang et al. 2015a,b) .
Noradrenergic influence
The involvement of the stress-integrative LC-NE system and its putative role in potentiating AD-related pathology has recently been reviewed (Ross et al., 2015) . Here, we will briefly reiterate the role of ARs in Aβ accumulation. Of particular importance, is the localization of β2 and α2AR to terminal regions of the LC, which have a direct influence on synaptic transmission and the APP processing machinery residing at the synapse, and that have been implicated in the production and secretion of Aβ. Electron microscopy studies have localized the β2AR on dendritic spines of pyramidal neurons of the PFC and on GABAergic interneurons (Aoki et al., 1998) , where it is proposed that via the joint endocytosis of β2 and APP from the plasma membrane following stimulation, will increase the co-localization and availability of APP to act as a substrate for γ-secretase in the endosomal compartment (Ni et al., 2006) . It has also been postulated that β2AR is able to modulate Aβ production via its association with β-arrestin2, which physically interacts with the α1A subunit of the γ-secretase complex, resulting in increased catalytic activity of the complex (Thathiah et al., 2013) . In support of these findings, studies in a transgenic animal model of AD have shown that β2 antagonists diminish levels of Aβ 40 and Aβ 42 (Scullion et al., 2011) , and the therapeutic potential of targeting β-ARs in AD has been reviewed (Yu et al., 2011) . The α2AR are coupled to Gi/ cAMP systems and are predominantly localized presynaptically, acting as autoreceptors that regulate NE synthesis and release (Berridge and Waterhouse, 2003) . Early studies exploring catecholamine neurotransmitters and receptors in age-related cognitive disorders identified α2-AR as contributors to cognitive decline in the PFC (Arnsten and Goldman-Rakic, 1985) . In line with this, a recent study demonstrated that chronic treatment with the α-2AR antagonist fluparoxan, prevented age-related deficits in spatial working memory in APP/PS1 transgenic mice, independent of amyloid plaque burden (Scullion et al., 2011) . The α2aAR has also been implicated in the regulation of APP processing and subsequent Aβ production and secretion via the endocytic and secretory pathways (Chen et al., 2014) . This is also interesting in light of the findings described above regarding altered function of α2ARs in the frontal cortex of suicide victims (Valdizan et al., 2010) . Based on this evidence it is clear that the β2 and α2aARs play a role in the modulation of Aβ production and secretion. Further, the activation of β2AR and/or α2aAR following noradrenergic transmission and resultant Aβ production, suggests that aberrant activity of the LC induced by stress may contribute to increased Aβ production in the cortex during prodromal or early stages of the disease (Figs. 1, 3) .
The findings reviewed in this section are particularly important, as Aβ deposits are thought to first accumulate in layers II, III, IV and V of the neocortex, progressing down to limbic structures including hippocampus and amygdala, and finally accumulating in midbrain and brainstem structures according to Braak staging (1991) , and many of these regions, particularly regions affected in early or prodromal periods of AD are abundant with ARs. Further, the classic pattern of NFT accumulation, starting in entorhinal and hippocampal formation, then progressing to association and primary cortices is relevant to the density of CRFR1, that play a role in tau-p. More recently, Braak proposed that the LC was the first region to exhibit abnormalities in tau-p, reflected in pre-tangle material in post-mortem brain tissue from individuals that died under thirty years old (Braak and Del Tredici, 2011a ,b, Braak et al., 2011 , Braak and Del Tredici, 2012 , Braak et al., 2013 . As discussed earlier, the LC is also a region of CRFR1 abundance and the mechanisms of CRFR1 regulation of tau-p under conditions of stress described here may be relevant to these findings (Fig. 1) . The studies reviewed here suggest a direct role of CRF and AR in the accumulation of Aβ and in the hyperphosphorylation of tau.
Conclusions
The studies reviewed here suggest that stress induces widespread alterations to brain functioning, ranging from large-scale network activity and reorganization to the altered expression and function of synaptic proteins, including Aβ and tau-p, primary components of AD neuropathology. What is less understood, is the relationship between chronic stress and depression in the context of neuronal resilience over time, or with aging. A significant gap in our knowledge is whether neuronal resilience to chronic stress, or allostatic overload, is reduced in depressed individuals, and if so, the direct consequences on Aβ and tau-p accumulation. It is tempting to speculate that, given the role of Aβ in modulating neuronal activity, and the volumetric reductions in critical PFC networks involved in both the integration of the stress response, and resting state brain activity in the DMN, that perhaps Aβ is an overlooked neuropeptide with relevance in broader stress related psychiatric disorders such as depression. To illustrate this point, we propose that chronic hyperactivity of the LC results in the production and accumulation of Aβ in terminal regions such as the PFC, initiating mechanisms of post synaptic depression. It is also possible that during this time, with chronic hyperactivation, aberrant tau-p begins accumulating in the LC, activating reversible mechanisms of degeneration. With decreased activity of PFC neurons, other limbic regions such as the amygdala become hyperactive, and may exhibit increased dendritic spine density. As a result, a variety of imbalances in neurotransmitters and neuronal activity are perpetuated, and may manifest behaviorally as a stress-related psychiatric disorder such as anxiety or depression (Fig. 2) . With time, in midlife, it would be expected that the severity of these alterations would increase given that mechanisms of neuronal resilience decline naturally with age. This may be a putative explanation for increased incidence of anxiety and depression in later life stages, and the co-morbidity with AD in specific subpopulations (Fig. 3) . While the current literature does not address this question, it may be an interesting and important area of future research. This hypothesis may be supported to a limited extent, by human clinical studies demonstrating volumetric changes in regions not only known to be influenced by mood disorders and stress-related psychiatric disorders such as depression, but also by the fact that AD consists of a 20+ year prodromal period in which Aβ and abnormal tau-p are thought to accumulate, and the first region of Aβ accumulation is the neocortex, while abnormal tau-p has been sited at earliest stages in the LC (Braak and Del Tredici, 2011a ,b, Braak et al., 2011 , Braak and Del Tredici, 2012 , Braak et al., 2013 . This hypothesis has significant implications for understudied regions such as the LC, which not only may perpetuate dysfunction of cortical networks under conditions of chronic stress, but also may contribute to failure to suppress DMN activity, thus having broader implications for stress related psychiatric and neurodegenerative disorders (Figs. 2, 3) . Fig. 3 . Hypothesized influence of coeruleo-cortical network dysregulation on AD progression. Based on the cumulative evidence in the literature, we hypothesize that In the fifteen to twenty years prior to the onset of cognitive symptoms of AD, stress induced chronic activation of the LC and corresponding increases in noradrenergic transmission increases Aβ production, secretion and accumulation in cortical regions such as the infralimbic medial PFC. Further, we hypothesize that the aberrant accumulation of Aβ peptides results in a disconnection in communication, or desynchronization, between the LC and its cortical efferent projections.
